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Restoration of antigen-specific T cell immunity has the potential to clear persistent viral infection. T cell 
receptor (TCR) gene therapy can reconstitute CD8 T cell immunity in chronic patients. We cloned 10 
virus-specific TCRs targeting 5 different viruses, causing chronic and acute infection. All 10 TCR genetic 
constructs were optimized for expression using a P2A sequence, codon optimization and the addition of a 
non-native disulfide bond. However, maximum TCR expression was only achieved after establishing the 
optimal orientation of the alpha and beta chains in the expression cassette; 9/10 TCRs favored the 
beta-P2A-alpha orientation over alpha-P2A-beta. Optimal TCR expression was associated with a significant 
increase in the frequency of IFN-gamma+ T cells. In addition, activating cells for transduction in the 
presence of Toll-like receptor ligands further enhanced IFN-gamma production. Thus, we have built a 
virus-specific TCR library that has potential for therapeutic intervention in chronic viral infection or 
virus-related cancers. 



CD8 T cells are a critical component to clearing or controlling viral infections. Lack of a virus -specific T cell 
response is associated with failure to control chronic Hepatitis B virus (HBV) infection 1 and loss of virus- 
specific T cells due to immune suppression during hematopoietic stemcell or solid organ transplant can 
lead to life-threatening Epstein-Barr Virus (EBV) and human cytomegalovirus (hCMV) infections 2 . 
Reconstitution of virus-specific immunity, either through bone marrow transplant 3 5 or adoptive transfer of 
virus-specific T cells 6,7 , can control these persistent infections. In addition, data from influenza has demonstrated 
that pre-existing virus-specific T cell immunity can protect against lethal infection 8,9 . Therefore, strategies to 
manipulate the virus-specific T cell response could lead to clinical therapies to treat chronic infections or prevent 
mortality related to severe acute infections. 

Given their critical role in controlling infection, combined with the difficulty in generating virus-specific T cells 
for adoptive cell therapy, we have explored T cell receptor (TCR) gene transfer to engineer antiviral T cell 
immunity. By introducing exogenous antigen specific TCRs cloned from patients able to control infection we 
could engineer fully functional virus-specific T cells to acutely infecting viruses, such as SARS corona virus 10 , and 
viruses causing chronic infections, such as HBV 11 . The HBV-specific T cells engineered in patients with chronic 
infection recognized infected cells and tumor cells expressing viral antigen as a tumor-associated antigen, which is 
known to occur in HBV and EBV associated cancers 7,12 . 

Our goal was to harness the potential of TCR gene transfer and develop a virus-specific TCR library, optimized 
and ready for clinical use. We expanded virus-specific T cells from healthy and resolved donors and cloned 10 
virus-specific TCRs to 5 different viruses restricted to 4 HLA class-I molecules commonly found in the general 
population. To establish a standardized TCR gene cassette we employed previously published methods to 
optimize TCR expression with minimal modification to the wild type amino acid sequence 1 " 7 . Our library of 
10 TCRs ideally positioned us to probe the specific effects of simple modifications, such as inverting the orienta- 
tion of the TCR alpha and beta genes in the expression cassette, which led to a significant increase in TCR 
expression and cytokine production. We also found that the function (IFN-y production) of engineered T cells 
could be further augmented with the addition of Toll-like receptor (TLR) ligands to the culture during the 
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transduction procedure; increasing the frequency of IFN-y pro- 
ducing cells up to 70%. The core library of virus-specific TCRs pre- 
sented here, each one optimized for expression in primary human T 
cells, could provide a steppingstone to effective treatments for viral 
infections. 

Results 

Building a virus-specific T cell receptor library. We used a panel of 
previously identified viral epitopes from HBV, EBV, CMV, FLU and 
SARS to expand T cells from healthy donors or patients with resolved 
HBV and SARS infections (Table 1). Antigen-specific T cells were 
identified using matching HLA-pentamers/tetramers or the CD107a 
degranulation assay and clonal populations were derived by limiting 
dilution cloning or sorting T cells using antibodies specific for the 
variable region of TCR beta chains. Total RNA was extracted from 
sorted clones and the wild type TCR alpha and beta genes were 
cloned using rapid amplification of cDNA ends (RACE) PCR with 
TCR constant region gene specific primers. The TCRs were cloned 
into the MP-71 retroviral vector 18 and tested for expression in 
primary human T cells. 

Optimizing virus-specific TCR expression in primary human T 
cells. The wild type alpha and beta TCR pair was originally tested for 
expression by co-transducing two separate vectors carrying the TCR 
alpha and beta genes (Fig. 1A; a + P). To begin optimizing TCR 
expression, we made stepwise advancements in the TCR constructs 
based on published literature using 3 different virus-specific TCRs. 
The TCRs were linked together with a 2A autocleavage site and 
flexible spacer 1314 to promote equimolar production of the alpha 
and beta chains and codon optimized to increase translational 
efficiency 17 . These constructs were then modified with a non- 
native cysteine disulfide bond in the constant region to increase 
pairing and stability of the exogenous TCR 1516 . 

As previously demonstrated, codon optimization and incorporat- 
ing the alpha and beta genes into a single cassette increased TCR 
expression in all three TCRs compared to wild type TCRs on separate 
vectors (Fig. 1A). We did not see substantial differences in the 
frequency of HLA-multimer positive cells between single cassette 
constructs with and without the additional disulfide bond (Fig. 1A; 
a-(3-Opt vs a-Pcys-Opt). However, there was a clear advantage with 
the inclusion of an additional disulfide bond. The HLA-multimer 
positive CD8 T cell population showed much more defined staining 
and a higher mean fluorescence intensity in 2 out of 3 TCRs (Fig. IB). 
We also observed that the additional disulfide bond increased fluor- 
escence intensity in the non-CD8 T cell population. Therefore, all 
subsequent TCR expression cassettes employed the 2A cleavage site 
with codon optimization and the additional disulfide bond to max- 
imize pairing. 



Orientation of the TCR gene cassette significantly impacts expres- 
sion. There is evidence that the orientation of the TCR alpha and beta 
genes within the cassette can impact their expression 19 . Therefore, we 
synthesized codon optimized constructs linked with the P2A 
cleavage site in both orientations and tested TCR expression in 
primary human T cells (Fig. 2A). Where available, we monitored 
TCR expression with beta chain specific antibodies and HLA- 
pentamers/tetramers. Interestingly, in 9/10 of the TCRs tested, 
expression of the introduced TCR was better (higher frequency of 
TCR+ cells) when the TCR beta gene was upstream of the TCR alpha 
gene in the expression cassette. This was true for staining the beta 
chain (Fig. 2B&C) or with HLA-pentamers/tetramers (Fig. 2E&F). 

This demonstrates that there is a positive (high frequency) and a 
negative (low frequency) orientation for each TCR alpha and beta 
gene pair. When we classified expression based on this positive/ 
negative orientation we observed a statistically significant increase 
in the frequency of TCR+ T cells, with a mean of 35.3 vs 22.45 for 
beta chain expression (Fig. 2D) and 19.49 vs 8.74 for HLA multimer 
staining respectively (Fig. 2G). The fold increase in expression dif- 
fered for each TCR but overall we observed a mean fold increase of 
1.9 in beta chain expression and 4.2 for multimer staining (Table 1) 
in the optimal orientation. 

TCR cassette orientation and T cell function. Next, we determined 
if the increased TCR expression correlated with an increase in the 
frequency of functional cells. Primary human T cells transduced with 
both orientations of the TCR cassette were stimulated with specific 
peptides presented on either HLA-A2+ T2 cells or HLA-matched 
EBV transformed B cell lines. IFN-y production, analyzed by flow 
cytometry, was used to monitor the frequency of virus-specific CD8 
T cells (Fig. 3A). T cell cytokine production mirrored TCR 
expression and there was clearly a positive and negative 
orientation for each TCR construct. Nine out of 10 TCRs resulted 
in higher frequencies of IFN-y + T cells in the beta-P2A-alpha 
orientation whereas only one TCR was superior in the alpha-P2A- 
beta orientation (Fig. 3B). When TCRs were grouped according to 
their positive and negative orientation, we observed a significant 
difference in their overall functionality, 26.86% vs 12.89% IFN-y+ 
CD8 T cells (Fig. 3C). This translated to a 2.7 fold increase overall in 
the frequency of IFN-y producing T cells with the optimal 
orientation of the TCR cassette (Table 1). 

In a subset of TCR transduced T cells we also analyzed the pro- 
duction of TNF-a and IL-2. Similar to the results with IFN-y, we 
found that the optimal orientation of the TCR expression cassettes 
resulted in an increase in the frequency of TNF-oc and IL-2 producing 
cells within the population of transduced T cells (Fig. 3 D&E). These 
data confirm that, in addition to codon optimization and adding the 
TCR alpha and beta chains to a single cassette, the simple modifica- 
tion of inverting the TCR alpha and beta chain orientation can have a 
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Figure 1 | Optimization strategies to increase TCR expression. (A) Frequency of CD8 + , multimer+ T cells following transduction with the different 
formats of TCR gene cassettes: a + P (separate vectors), a-fi-Opt (P2A linked, optimized, single vector), ci-[kys-Opt (P2A linked, optimized, 
non-native disulfide, single vector). (B) Dot plots of 3 TCRs showing expression differences between TCRs without and with the additional disulphid 
bond. Values in upper right quadrant is mean fluorescence intensity of CD8+ multimer+ T cells. Experiments were performed at least twice for each 
TCR. 



significant impact on TCR expression and T cell function in engi- 
neered T cells. 

Enhancing the functionality of engineered T cells using synthetic 
TLR agonists. Once the optimal orientation of the TCR was 
identified, we focused on augmenting the function of engineered T 
cells. Adjuvants based on Toll-like receptor ligands can have direct 
effects on T cells 20 and be selected to mimic infecting pathogens 21 . We 
used TLR ligands that frequently signal viral infection: polyLC (TLR- 
3), Imiquimod (TLR-7), ssRNA40 (TLR-8) and CpG (TLR-9). The 
TLR ligands were added to the PBMC during the first 48 h of 
activation prior to transduction. At the time of transduction, the 
media was changed, the primary T cells were transduced and 
allowed to expand for 10 days. Following their expansion, we 
tested TCR expression using HLA-pentamers to determine if the 



TLR ligands affected TCR expression compared to the standard 
protocol with IL-2 alone. The TCR presented in Figure 4 (HBV 
core 18-27) has high affinity for its cognate peptide-MHC, 
allowing us to monitor TCR expression in both the CD8 and CD4 
T cell population using the HLA-pentamer (Fig. 1A). 

We found that the addition of TLR ligands to the culture during 
the first 48 h of activation had little impact on HLA pentamer stain- 
ing in either the CD8 or CD4 T cell population (Fig. 4 A,B,E). 
However, we observed clear differences in the frequency of func- 
tional cells. The addition of polyLC or ssRNA40 increased the fre- 
quency of IFN-y producing CD8 and CD4 T cells compared to IL-2 
alone, IL-2 plus CpG or Imiquimod (Fig. 4 C,F). This increase in the 
frequency of IFN-y producing cells translated into a 60% and 80% 
increase in functional CD8 T cells following addition of polyLC and 
ssRNA40 respectively to the culture medium (Fig. 4D). Similar 
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Figure 2 | Orientation of the alpha and beta genes within the cassettes impacts expression. (A) Diagram describing the different orientations of the TCR 
cassette. (B) Representative dot plots using HBV env 171-80 TCR showing difference in TCR beta staining with each orientation. (C) Summary of Vbeta 
staining from both orientations for all TCRs (D) Mean frequency of Vbeta + CD8+ T cells when TCRs were grouped according to their postive (higher) 
and negative (lower) expression. (E) Representative dot plots using HBV env 171-80 TCR showing difference in HLA tetramer staining with each 
orientation. (F) Summary of HLA-multimer staining from both orientations for all TCRs (G) Mean frequency of HLA-multimer+ CD8+ T cells when 
TCRs were grouped according to their postive (higher) and negative (lower) expression. There was a statistically significant difference in expression 
between the positive and negative orientation using the paired t test. 



results were observed with CD4 T cells, with ssRNA40 stimulating 
the greatest increase in IFN-y+ T cell frequency (Fig. 4G). 

Addition of TLR agonists promotes Thl polarization. To inves- 
tigate the discrepancy between HLA-pentamer positive cells and 
IFN-y positive cells in cultures with polyFC or ssRNA40 (Fig. 4B- 
D) we analyzed the supernatant taken from cultures after the 48 h 
incubation with anti-CD3, IL-2 and TLR ligands. We tested for the 
production of 42 different cytokines in cultures derived from 3 
separate healthy donors and measured significant production of 27 
different cytokines. We found that addition of TLR ligands generally 
reduced the production of immunoregulatory/Th2 cytokines com- 
pared to IL-2 alone (Fig. 5A). This was especially true for ssRNA40 in 
all cases except the increased production in IL- 1 0; observed with both 
polyLC and ssRNA40. In coordination with the reduced production 
of regulatory cytokines we observed increased production of 
inflammatory cytokines. In particular, the Thl polarizing cytokine 
IL-12p70 was significantly increased with ssRNA40 and mildly 
increased with polyLC (Fig. 5B). 

We then tested whether the inflammatory environment led to 
increased Thl polarization or caused non-specific bystander activation 



to account for the increase in IFN-y + T cells. Unlike figure 4, where 
HLA-pentamer and IFN-y staining were performed in separate assays, 
we measured IFN-y production in HLA pentamer+ or TCR Vbeta+ 
cells to measure cytokine production in TCR transduced cells. 

As above, HLA pentamer staining was similar between the differ- 
ent conditions (Fig. 6A). The addition of polyLC and ssRNA40 
increased the frequency of IFN-y + T cells compared to IL-2 alone 
(Fig. 6B). We observed an increase in IFN-y + /pentamer+ T cells 
with polyLC and ssRNA40 compared to IL-2 alone (Fig. 6C), indi- 
cating increased polarization of pentamer positive cells to a Thl 
phenotype. However, only approximately 70% of the IFN-y + cells 
were pentamer positive, regardless of the condition (Fig. 6B&C). This 
leaves a significant number of IFN-y + T cells that either express too 
little TCR to stain with pentamer or are responding as non-specific 
bystanders in the co-culture. 

Next, we analyzed IFN-y production in Vbeta+ T cells. The 
advantage of Vbeta staining is that nearly all T cells expressing our 
introduced TCR, whether is it properly paired with the correct alpha 
chain or not, will be stained by the antibody. Therefore, Vbeta stain- 
ing may detect T cells producing IFN-y that do not express enough of 
the introduced TCR for HLA-pentamer staining. Similar to pentamer 
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Figure 3 | TCR orientation significantly impacts T cell function. (A) Representative dot plots showing the difference in IFN-y+ CD8+ T cell frequency 
using the HBV env 183-91 TCR in both orientations. (B) Frequency of IFN-y+ CD8+ T cells for each TCR in both orientations. (C) Mean frequency 
of IFN-y+ CD8+ T cells when TCRs were grouped according to their postive (higher) and negative (lower) expression. There was a statistically 
significant difference in IFN-y+ T cells between the positive and negative orientation deteremined by paired t test. Positive orientation of the TCR 
increased the production of (D) TNF-cc and (E) IL-2 in the transduced T cell population. 



staining, TCR beta chain expression was similar across all conditions 
(Fig. 6D) and the frequency of IFN-y+ T cells increased with the 
addition of polyI:C and ssRNA40 (Fig. 6E). Unlike T cells stained 
with pentamers, we found that nearly all (=90%) of the IFN-y+ cells 
following peptide-specific activation were TCR V beta positive 
(Fig. 6E&F). These data indicate that IFN-y production was specific 
to the introduced TCR. They also confirm increased Thl polarization 
as cells shift from Vbeta+/IFN-y- to Vbeta+/IFN-y+ with the addi- 
tion of TLR ligands to the culture. Therefore, similar to their role in 
natural infection, combining T cell activation in the presence of TLR 
ligation led to an inflammatory environment during the activation 
phase for transduction and translated into a greater frequency of 
IFN-y producing T cells. 

As a final characterization of their function, and to determine 
whether culturing in different conditions altered transduced T cell 
cytotoxic function, we compared the ability of T cells transduced 
with the HBV core antigen-specific TCR to lyse hepatocyte-like cell 
lines (HepG2) expressing HBV antigens. We found that T cells cul- 
tured under any of the conditions exhibited efficient and similar lysis 
of targets expressing the HBV core antigen (HG2cAg). We observed 
95% specific lysis at a 1 : 5 E : T ratio and 80% specific lysis at a 1 : 10 
E : T ratio (Fig. 6G). Co-culture with HepG2 cells expressing the 
irrelevant HBV surface antigen (HG2sAg) did not result in any sig- 
nificant lysis. We were unable to titrate the cytotoxicity experiment 
for sensitivity as the antigen in HepG2 cells is produced from a CMV 
promoter following transduction with a lentiviral vector. However, 
this data demonstrated that transduced T cells cultured under any 
condition tested are specific and highly cytotoxic. 

Discussion 

Numerous sophisticated approaches have been developed to optim- 
ize the TCR expression cassette 14,19,22,23 , pairing of the introduced 



TCR 24 29 and function/maturation of the resulting T cell popu- 
lation 3031 . These approaches have largely been based on the modi- 
fication of a single TCR in each study. We chose the simplest 
modifications previously reported in the literature and applied them 
to our library of 10 different virus-specific TCRs to optimize TCR 
expression and the antiviral potential of redirected primary human T 
cells. In line with previous reports, we observed that codon optim- 
ization, linking the alpha and beta chains with a P2A sequence, 
including a glycine-serine-glycine spacer, and the addition of a 
non-native cysteine disulfide bond in the TCR constructs led to 
increased expression and pairing. Surprisingly, when we tested 
whether simply inverting the orientation of the alpha and beta genes 
within the TCR expression cassette impacted TCR expression and 
function we found evidence for clear positive (high frequency) and 
negative (low frequency) orientation. In 9/10 of the TCRs, placing the 
beta chain upstream of the P2A sequence resulted in enhanced 
expression. This enhanced expression translated to increased 
HLA-multimer staining in the non-CD8 T cell population as well, 
comprised primarily of CD4 T cells, which provide help for virus 
specific CD8 T cells in vivo 32 . 

The difference in expression of the TCR beta chain between the 
different orientations was less pronounced than that observed for 
HLA multimer staining. There was only a 1.9 fold increase in TCR 
beta expression dependent on the orientation, suggesting that trans- 
lation of the proteins was similar despite orientation of the TCR 
cassette. In contrast, we observed a 4.2 fold increase in HLA multi- 
mer staining that was dependent on the orientation. The discrepancy 
between these two observations remains unclear. Unlike internal 
ribosome entry sites (IRES), the P2A linker results in nearly equi- 
molar production of both the alpha and beta chains 13 . Therefore, 
there should be equal production despite the orientation. The differ- 
ence may be related to the stability of individual TCR alpha and beta 
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Figure 4 | TLR ligands increase functionality of transduced T cells. (A) Pentamer staining following transduction of T cells activated in the presence of 
IL-2 alone or IL-2 + TLR ligands. (B) Frequency of pentamer+ CD8+ T cells after activation in different conditions. (C) Frequency of IFN-y+ CD8+ T 
cells after activation in different conditions. (D) Percent increase in IFN-y+ CD8+ T cells compared to T cells activated in IL-2 alone. (E) Frequency 
of pentamer+ CD4+ T cells after activation in different conditions. (F) Frequency of IFN-y+ CD4+ T cells after activation in different conditions. 
(G) Percent increase in IFN-y+ CD4+ T cells compared to T cells activated in IL-2 alone. Experiment is representative of 3 separate donors. 



proteins. The TCR alpha chain is rapidly targeted for ER associated 
degradation. This is the rate-limiting step in TCR complex express- 
ion in developing thymocytes 33 and this instability carries over to 
TCR expression in mature T cells 34,35 . Therefore, translating the beta 
chain first may facilitate TCR alpha/beta heterodimer formation and 
stability; as the downstream alpha chain is translated it can rapidly 
pair with beta. 

In some TCRs, the two different orientations (a-P2A~P and p 1 - 
P2A-oc) resulted in nearly equal expression. This similarity between 
orientations was primarily observed in TCRs with the highest TCR V 
beta expression (>25% of CD8 T cells). These TCRs may be particu- 
larly stable and thus expression is not influenced so significantly by 
endogenous TCRs. The end result is that a majority of the TCR 
cassettes have an optimal orientation and testing both can be an easy 
solution that significantly increases expression. 

The functional impact of optimal TCR orientation was observed in 
the ability of redirected cells to produce antiviral cytokines in res- 
ponse to their cognate epitopes. The optimal orientation of the TCR 
cassette not only increased the frequency of cells capable of 



producing IFN-y but it also increased the multi-functionality of 
the total T cell population; increasing the frequency of both IL-2 
and TNF-a producing T cells. 

In addition to optimizing TCR expression we also focused on 
augmenting redirected T cell function. Instead of using cytokines 
or specific T cell populations during transduction 30 ' 31 , we added 
TLR agonists to the culture to mimic pathogen signals encountered 
during infection. Addition of the TLR ligands had only a minor effect 
on TCR expression. We observed a slight increase in pentamer pos- 
itive CD8 T cells with ssRNA40 but the most significant difference 
was observed in the function of the redirected T cell population. We 
observed increases in the frequency of IFN-y producing cells with 
polyLC (TLR-3) and ssRNA40 (TLR-8). This increase in IFN-y+ 
cells was related to increased polarization. 

Our data suggests that TLR ligands help polarize T cells during the 
activation phase through reduced production of regulatory and Th2- 
associated cytokines and increased the production of inflammatory 
and Thl -associated cytokines. Not all IFN-y + T cell stained positive 
with HLA pentamers, indicating that cells that do not express enough 
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Figure 5 | Cytokines in culture supernatant during T cell activation in the presence of TLR ligands. (A) Immunoregulatory/Th2 cyotkines in the culture 
medium 48 h after T cell activation. (B) Inflammatory/Thl cytokines in the culture medium 48 h after T cell activation. 



properly paired TCR to bind HLA mulitmers but remained func- 
tional. This was confirmed by co-staining IFN-y + T cells with TCR 
beta chain antibodies. Approximately 90% or greater of the IFN-y + 
T cells were also positive for the introduced beta chain, suggesting 
that nearly all responding cells are epitope-specific through the intro- 
duced TCR. It has been established that T cells remain functional 
with only a fraction of their TCR on the surface, as low at 5% in one 
study 36 . Thus, the use of TLR ligands during T cell activation may 
help to maximize the pool of functional T cells for adoptive cell 
therapy. 

In conclusion, we have developed a virus- specific T cell receptor 
library targeting different viral infections. Using straightforward 
approaches we optimized TCR expression and tried to minimize 
alterations to the wild type amino acid sequence to reduce potential 
immunogenicity 37 . The modifications led to increased TCR express- 
ion and function. Banks of ready-made virus- specific T cells for 
adoptive cell therapy are being used 38 and the ability to generate 
unlimited numbers of highly efficient virus -specific T cells using 
TCR gene transfer could facilitate this approach. 

Methods 

Patient samples and isolation. Blood was obtained from healthy donors under 
informed consent or purchased as anonymous buffy coats from the Blood Donation 
Center at the National University Hospital, Singapore. This study was approved by 
the Institutional Review Board at the National University Hospital, Singapore. Blood 
from resolved HBV patients was obtained at the Azienda Ospedaliero-Universitaria 
di Parma, Italy, under informed consent and approved by the local Ethics Committee. 
Blood from resolved SARS patients was collected at the Singapore General Hospital 
under informed consent approved by the Centralized Institutional Review Board of 
the Singapore Health Services Pte, Ltd. All experiments were performed in 
accordance with the guidelines of the ethics committees. Peripheral blood 
mononuclear cells (PBMCs) from donors were isolated by Ficoll-Hypaque density 
gradient centrifugation (GE healthcare) and HLA-typed to four digit resoltuion. 

Synthetic peptides. HBV peptides: Env 183 _ 191 (FLLTRILTI), Env 171 _ 180 
(FLGPLLVLQA), Env 370 _ 379 (SIVSPFIPLL), Core 18 _ 27V (FLPSDFFPSV); HCMV 
peptides pp65 49 5_ 505 (NLVPMVATV), pp65 501 _ 509 (ATVQGQNLK), iel 42 _ 50 
(KEVNSQLSL); EBV peptide EBNA-4NP 399 _ 4 o 8 (AVFDRKSDAK); SARS peptide 
NP216-225 (GETALALLLL) and Influenza peptide Ml 58 _ 66 (GILGFVFTL) were 
purchased from Genscript. 



Cell lines. Antigen-presenting cell lines, EBV transformed B cell and HLA-A2 
positive T2 cells were cultured in RPMI 1640 supplemented with 10% heat- 
inactivated fetal bovine serum (FBS), 20 mM HEPES, 0.5 mM sodium pyruvate, 
100 U/ml penicillin, 100 Jig/ml streptomycin, MeM amino acids, Glutamax, MeM 
nonessential amino acids (Invitrogen) and 5 ug/ml Plasmocin (InvivoGen). Phoenix 
cells were cultured in Iscove's Modified Dulbecco's Medium (Gibco, Invitrogen) 
supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 ug/ml 
streptomycin, 20 mM HEPES, Glutamax and 5 u,g/ml Plasmocin (InvivoGen). 

Peptide- specific T cell expansion. PBMC with HLA matching the restriction of the 
synthetic peptides were expanded with 1 u.g/ml of each peptide for 10 d in AIM-V 
medium (Invitrogen) with 2% human AB serum (Invitrogen) supplemented with 
20 U/ml II-2 (R&D Systems). Cultures were tested for positive responses using 
intracellular cytokine staining for IFN-y. Briefly, T cells were stimulated for 5 h with 
1 ug/ml of the peptide in the presence of 10 ug/ml of Brefeldin A. The cells were 
stained with anti-CD8 PE-Cy7 (BD Pharmingen) for 15 min on ice, wahsed and fixed 
using Cytofix/Cytoperm (BD Biosciences) for 20 min on ice. Following fixation/ 
permeabilization, cells were stained with anti-IFNy PE (BD Biosciences) for 30 min 
on ice. Cells were washed and then resuspended in 1 X PBS for acquisition on the Facs 
Canto (BD Biosciences) and analyzed using FACs Diva software. 

Postive responses were restimulated to increase frequency and numbers of peptide- 
specific T cells. Peptide- specific T cell cultures (5 X 10 5 ) were co-cultured with 
irradiated (2500 rads) healthy donor PBMC (1.7 X 10 6 ) and HLA-matched EBV 
transformed B cell lines (3 X 10 5 ) loaded with peptide for 1 h at room temperature. 
Restimulated T cells were cultured in AIM-V media supplemented with 2% AB 
serum, 20 U/ml IL-2, 10 ng/ml IL-7 and 10 ng/ml IL-15 (R&D Systems). 
Functionality was tested again 10 d after restimulation using the CD107a degranu- 
lation assay to maintain cell viability. The TCR variable beta chain staining panel IO 
Test Beta Mark TCR V kit (Beckman Coulter) was used to determine the immuno- 
dominant V|3 on CD107a+ cells following peptide stimulation. 

Isolation of Ag-specific T cells. Expanded T cell lines were stimulated with 1 ug/ml 
of peptide for 2 h in the presence of anti-CD 1 07a- APC at 37°C and washed once 
before staining for immunodominant V[3, identified using the screening panel, for 
30 min on ice. Cells were washed once and passed through a 70 uM cell strainer and 
resuspended in sterile PBS. Peptide- specific T cells were sorted using fluorescence- 
activated cell sorting (FACS) on a FACss Aria III (BD Biosciences) by gating on 
CD107a+vp+ cells. 

Cloning of TCRa and TCRp chains. Total RNA was isolated from the sorted cells 
using RNeasy Micro kit (Qiagen) and reverse transcribed into cDNA using the 5' 
GeneRacer Core kit according the manufacturer's instructions (Invitrogen). 
PrimeSTAR MAX (Takara, Bio) was used to amplify the target gene using 5' 
GeneRacer primer and 3' Gene-specific primers for the TCR alpha constant domain 
(TCAGCTGGACCACAGCCGCAGC) and two alleles for the TCR beta constant 
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Figure 6 | IFN-y production and cytotoxic function of TCR + Tcells. (A) Frequency of HLA-pentamer+ CD8+ T cells following transduction of T cells 
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domain (Beta Cl - TCAGAAATCCTTTCTCTTGACCATGGC; Beta C2 - 
CT AGCCTCTGG AATCCTTTCTCTTG) . The PCR products were ligated into 
TOPO-vector for bacterial transformation. Colonies were screened using the same 
primer pair as mentioned above to verify insert and then sequenced (AITBiotech). 
The sequences obtained were BLAST against the Human TCR database online 
(IMGT/V- Quest, http://www.imgt.org) to identify the components of the TCRs. 
Upon identification of the alpha and beta chains, functional confirmation was 
performed using the wild type sequences before synthesizing the P2A-linked single 
cassette, codon optimized, cystine-modified gene constructs (Genescript). The gene 
cassettes consisting of VotCa-P2A-VpC|3 and VpCp-P2A-VaCa orientations were 
tested for expression and functionality in primary human T cells. 

TCR introduction into primary T cells. Retroviral vector, MP7 1 , was used to deliver 
the TCR genes into the primary human T cells. 2 X 10 6 Phoenix amphotropic 
packaging cells were seeded into 100 mm tissue culture dishes 24 h prior to 
transfection. Phoenix cells were transiently co-transfected using calcium phosphate 
with9 ugeachofMP71-TCRVa,MP71-TCRV(3togetherwith6 ug of amphotropic 
envelope (PCL-Amp) for 24 h. For P2A-linked constructs, 18 ug of the TCR plasmid 
was co-transfected with 6 ug of the amphotropic envelope. After 24 h, IMDM was 
replaced with Aim-V supplemented with 2% human AB serum and phoenix cells 
were incubated for an additional 24 h before retroviral supernatants were collected 
for transduction. 

PBMC were stimulated with 600 U/ml interleukin-2 {IL-2; R&D Systems) and 
50 ng/ml anti-CD3 (OKT-3; eBioscience, San Diego, CA) for 48 h. Untreated 24 well 
tissue culture plates were coated with 30 ug/ml Retronectin (Takara Bio) overnight at 
4°C one day prior to transduction. Wells were then washed with HBSS and blocked 
with PBS 2% BSA. Lymphocytes were harvested, washed, counted and 5 X 10 5 cells 
plated into retronectin coated wells and mixed with 1.5-2 ml of unconcentrated 
retroviral supernatants collected as described above. After 24 h, the viral supernatant 
was replaced with Aim-V medium with 2% human AB serum, supplemented with 
100 U/ml IL-2. TCR surface expression was tested with HLA-pentamers 
(Prolmmune), HLA-tetramer produced by peptide exchange 39 or anti-V[3 antibodies 
72 h post transduction. Functionality of TCR redirected T cells was tested 7 days post 
transduction as described below. 

Flow cytometry analysis of TCR expression. Monitoring expression of the 
introduced TCR was dependent on available reagents. In most cases both anti-Vbeta 
antibodies {Beckman Coulter) and PE labeled HLA pentamers (Prolmmune)/ 
tetramers {prepared in-house) were available. However, there was no TCR V beta 
antibody available for the HBV Env 370 _79 TCR and no multimer available for the EBV 
EBNA-4NP 3 99_ 40S . Pentamer staining was performed for 15 minutes at room 
temperature in PBS, 1% BSA and 0.1% sodium azide {staining buffer). Cells were 
washed and stained with CD8-PeCy7 (BD Bioscience, RPA-T8) for 30 min on ice. In 
parallel, transduced T cells were stained with anti-V beta antibodies + CD8-PECy7 
for 30 min on ice. Cells were immediately fixed with PBS + 1% formaldehyde and 
analyzed on FACs Canto flow cytometer. To determine optimal TCR alpha/beta 
orientation we selected 2-3 retroviral clones carrying the TCRs in either the alpha- 
2A-beta or beta-2A-alpha orientation and used these retroviral clones to transduce T 
cells as described above. Each experiment was performed at least twice and the best 
clone from each orientation was used to test their functionality. 

Function of TCR transduced T cells. Redirected T cell functionality was tested 7 d 
post transduction. Either HLA-A0201 T2 cells or HLA-matched immortalized EBV B 
cell lines were used as antigen presenting cells (APCs) to test functionality of the TCR 
redirected T cells. APCs were loaded with 1 (J.g/ml for each peptide for 1 h at room 
temperature. APCs were washed with HBSS and co-cultured with TCR redirected T 
cells overnight in Aim-V 2% Abs with 2 ug/ml brefeldin A (Sigma). Cells were stained 
with CD8-PECy7 and fixed with cytofix/cytoperm (BD Biosciences). Cells were then 
stained with anti-IFN-y-APC, TNF-a-Alexa488 (BD Biosciences) or IL-2-PE (R&D 
Systems) for 30 min on ice with staining buffer + 0.1% saponin (Sigma). Cytokine 
producing cells were analyzed on a BD FACs Canto flow cytometer. 

Initial experiments comparing HLA pentamer staining to IFN-y producing T cells 
were performed on separate days (day 3 or 7). We also measured IFN-y production vs 
HLA pentamer or V beta antibody in the same experiment. At 4 d post transduction, 
either mock transduced or redirected T cells were stained with HLA pentamers or 
anti-V beta antibodies and then activated by peptide loaded APCs for 5 h in Aim-V, 
2% AB serum + 10 ug/ml brefeldin A. Following 5 h incubation, cells were labeled 
with a Fixable Viability Dye eFluor780 (eBioscience) and stained with CD8-PECy7 
and CD4-Alexa700. Cells were fixed and stained for IFN-y- APC as above. IFN-y 
production was monitored in CD8 V beta or pentamer positive cells. 

To confirm cytotoxic function, redirected cells specific for the HBV corel8-27 
epitope were sorted based on TCR V beta and CD8 expression. Sorted Vbeta+CD8 + 
T cells were co-cultured overnight in 96 well flat-bottom plates with 20,000 HepG2 
cells expressing luciferase plus either the HBV core antigen or an irrelevant antigen, 
HBV surface antigen, at 1 : 5 and 1 : 10 effector : target ratios. Following the incuba- 
tion, media was removed and cells were washed once with PBS. Steady-Glo reagent 
(Promega) was added to each well and incubated for 5 min at RT in dark to allow cell 
lysis. Steady-Glo reagent was transferred into a black 96-well plate and luminescence 
was measured using a Biotek Synergy 4 microplate reader. Results were expressed as 
% lysis = 100% — (luminescence remaining after lysis (HepG2 + T cells) /maximum 
luminescence (HepG2 alone))% and calculated as mean of triplicate measurements 
+ /— standard deviation. 



Toll-like receptor ligand activation. Healthy donor PBMC were activated as above 
for retroviral transduction with 50 ng/ml OKT-3 and 600 U/ml IL-2. In addition to 
the standard condition, TLR agonists 10 ug/ml polyLC (TLR-3), 5 ug/ml Imiquimod 
(TLR-7), 1 ug/ml ssRNA40 (TLR-8), and 5 uM CpG (CpG2216; TLR-9) (Invivogen) 
were added during the first 48 h of PBMC activation. Following the 48 h incubation, 
the media was removed for transduction and stored at — 80 C for luminex analysis. 
TLR ligands were not maintained in the maintenance medium and T cells were 
transduced with the HBV core 18-27-specific TCR and cultured in Aim-V + 2% 
human AB serum + 100 U/ml IL-2. TCR expression was monitored using HLA-A2- 
HBcl8-27 pentamers and the functionality was monitored intracellular cytokine 
staining for IFN-y. Supernatants taken from 48 h activated cultures were analyzed for 
cytokine production using the MILLIPLEX Cytokine/Chemokine 42-Premixed Panel 
(Milipore). Luminex analysis was performed by the Immune Monitoring Core at the 
Singapore Immunology network. 
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